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Abstract

Nondestructive structural health monitoring (SHM) is an evolving technology

being developed for monitoring air and space systems. The information gathered

on a system’s structural integrity through SHM detection methods may result in

reduced costly maintenance inspections, enhanced safety, and system failure predic-

tions. This study evaluates Lamb wave approaches used to detect simulated cracks

in laboratory experiments on thin plates to detect realistic damage in a test arti-

cle representing the complex geometry of an existing aircraft bulkhead. We take a

“hot-spot” monitoring approach, where we monitor an area of the structure known

to fail. In our experiments, we evaluated the use of piezoelectric generated tuned

Lamb waves for crack detection. The use of Lamb waves, guided elastic waves in a

plate, has shown promise in detecting highly localized damage due to the relatively

short wavelengths of the propagating waves. We evaluated both pitch-catch and

pulse-echo approaches for Lamb wave excitation and measurement. Crack detection

is accomplished by comparing the responses from the damaged test article to the

responses of the healthy test article.
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DAMAGE DETECTION USING LAMB WAVES FOR

STRUCTURAL HEALTH MONITORING

I. Introduction and Background

1.1 Motivation: Structural Health Monitoring

Knowledge of a system’s structural integrity is of vital importance in deter-

mining the operational status of a system, like an aircraft. The structural integrity

status is usually obtained through scheduled maintenance inspections; which are

time consuming and expensive because they usually require disassembly of a struc-

ture so visual, or other non-destructive inspection types can be made. If visual

inspections are used to determine the current working condition of a structure, the

disassembly procedure can inflict unnecessary damage to a healthy structure. Often

working with mature aircraft, parts are broken during an inspection. By perform-

ing condition based maintenance, maintenance operations are only performed when

known problems exist, costly unnecessary scheduled inspections would be reduced.

According to Mal, over 25% of an aircraft’s life cycle cost is due to maintenance and

inspections of the airframe [10].

The implementation of a Structural Health Monitoring (SHM) system can

alleviate issues associated with regular maintenance inspections. SHM is defined as

“an emerging technology that can be defined as continuous, autonomous, real time,

in-service monitoring of the physical condition of a structure by means of embedded

or attached sensors with minimum manual intervention” [10]. Simply put, SHM

provides the ability of a system to detect adverse changes within a system’s structure

to enhance reliability and reduce maintenance costs [6].
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1.1.1 Relevance to the USAF. The United States Air Force (USAF) has an

aging aircraft fleet with high operational demands and requires mission success in all

environmental conditions. The USAF has increased its demand of sustainment for

aging aircraft (over 25 years) in service [10]. An increased workload expected from

the USAF aging fleet results in an increase of in-depth maintenance inspections.

An automated accurate assessment of a system’s structural integrity could reduce

unnecessary maintenance, resulting in maintenance savings which could be directed

towards operational costs.

The USAF seeks the benefits of implementing SHM into its fleet, which is

demonstrated by the SHM methods currently being researched by the Air Force

Research Lab (AFRL). The research objectives of this thesis were driven by AFRL

research needs.

1.2 Research Objectives

Our research goals focused on two objectives. The first objective was to deter-

mine the applicability of a SHM sensor provided to AFRL through an Air Force Office

of Scientific Research Small Business Technology Transfer Phase II contract (FA9550-

05-C-0024). The SHM sensor was the Monitoring & Evaluation Technology Integra-

tion (M.E.T.I.) Disk 3 sensors created by Metis Design Corporation (MDC) [2].

The second objective focused on implementation of the Lamb wave SHM

method into a realistic USAF SHM issue, and show that Lamb waves can be used

to detect damage on actual aircraft parts. Ultimately, we want to bridge the gap

between detecting damage in lab experiments and a realistic damage on actual air-

craft parts. Within the USAF, we located three possible candidates for Lamb wave

implementation. The three issues involved localized “hot-spot” monitoring of cracks,

meaning we monitor an area of the structure known to fail. Two SHM issues were

provided by Hill Air Force Base (AFB) and one from Robins AFB. Robins AFB’s

SHM issue, a cracked F-15 titanium alloy bulkhead, was chosen due to the avail-
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ability of a specimen. Figure 1.1 shows the damaged F-15 bulkhead in the aircraft.

Although not visible in Figure 1.1, a crack is present in the lower portion of the

bulkhead. The bulkhead crack can be seen in Figures 1.2 and 1.3. Also, Robins

AFB provided AFIT with an undamaged bulkhead for experimentation (Figure 1.4)

and experiments were designed and conducted on an fabricated bulkhead section.

Figure 1.1 F-15 bulkhead: location of damaged bulkhead in F-15
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Figure 1.2 F-15 bulkhead: front view of cracked bulkhead section

Figure 1.3 F-15 bulkhead: aft view of cracked bulkhead section
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Figure 1.4 F-15 bulkhead: undamaged bulkhead provided to AFIT
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1.3 Background

1.3.1 Lamb Wave Theory. Sir Horace Lamb first introduced his theory

on Lamb waves (ultrasonic guided waves in flat plates) in 1917 [9]. Lamb waves

occur when the thickness of the test material is on the order of a few wavelengths

of the guided wave and where the test specimen is of uniform thickness [3]. Lamb

waves have the important property that they stay confined inside walls of thin-walled

structures and propagate over large distances (several meters) along the major axis

of the structure. In addition, guided waves can also travel inside curved walls and

allow for fast measurement of large areas of a structure [5]. The basic wave equations

are:

∂2φ

∂x2
+

∂2φ

∂y2
+

ω2

c2
L

φ = 0 (1.1)

∂2ψ

∂x2
+

∂2ψ

∂y2
+

ω2

c2
T

ψ = 0 (1.2)

where φ and ψ are two potential functions, and cL and cT are the longitudinal

(pressure) and transverse (shear) wave speeds in the material. The longitudinal and

transverse wave speeds are defined as:

cL =

√

λ + 2µ

ρ
(1.3)

cT =

√

µ

ρ
(1.4)

where λ and µ are the Lamé constants [9], and ρ is the mass density. For an isotropic

material, the Lamé constants can be defined as [6]:
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µ =
E

2(1 + ν)
(1.5)

λ =
Eν

(1 − 2ν)(1 + ν)
(1.6)

where E is the Young’s Modulus in the direction of the propagation direction and ν

is Poisson’s Ratio.

The general solutions to Equations 1.1 and 1.2 are:

φ = [A1sin(py) + A2cos(py)]ei(kx−ωt) (1.7)

ψ = [B1sin(qy) + B2cos(qy)]ei(kx−ωt) (1.8)

where k is the wavenumber (equal to 2π/wavelength) and:

p =

√

ω2

c2
L

− k2 (1.9)

q =

√

ω2

c2
T

− k2 (1.10)

and x is the coordinate in the direction of the wave propagation and y is the coor-

dinate in the direction through the plate thickness. The four arbitrary constants:

A1, A2, B1, and B2, are determined by applying boundary conditions. Using the solu-

tions to the basic wave equations, Equation 1.7 and 1.8, and assuming the boundary

conditions correspond to traction free surfaces, we obtain the Rayleigh-Lamb fre-

quency relations (known as the dispersion equations) for Lamb waves:
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tan(0.5qd)

tan(0.5pd)
= −

4k2 pq

(q2
− k2)2

(1.11)

tan(0.5qd)

tan(0.5pd)
= −

(q2
− k2)2

4k2 pq
(1.12)

where d is the plate thickness. Equation 1.11 is the solution for symmetric Lamb

wave motion and Equation 1.12 is the antisymmetric Lamb wave motion solution.

Figure 1.5 illustrates the symmetric motion of Lamb waves. Viewing the illus-

tration from the exterior boundaries, notice the wave crests on the upper and lower

surfaces coincide for the symmetric motion. The antisymmetric motion is illustrated

in Figure 1.6 where the crest on one side coincides with a trough on the other, when

viewed from the exterior of the plate’s surface [3].

Figure 1.5 Illustration of a symmetric Lamb wave [3]

Figure 1.6 Illustration of an antisymmetric Lamb wave [3]

1.3.2 Dispersion. If media is dispersive then the guided wave speeds

through the medium vary with frequency, and a wave propagating in such a medium
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is called a dispersive wave. It is common to characterize such behavior by expressing

the angular frequency, ω, as a function of wavenumber, k, where:

k =
ω

c
(1.13)

and ω = 2πf , where c is the speed of light and f is the linear frequency (cycles per

second). This relationship is called the dispersion relation [13].

There are many solutions to Equations 1.11 and 1.12 since for each solution the

wave speed is a different function of frequency. The many solutions correspond to

Lamb mode shapes of the symmetric and antisymmetric motion and are designated

S0, S1, S2, etc. and A0, A1, A2, etc., respectively. The wave speed (or phase velocity

vp) is given by:

vp =
ω

k
(1.14)

Wave speed is not only affected by the frequency f , but by the plate thickness

d. The product of the frequency and thickness fd is often used as the independent

variable for representing wave speeds. Figure 1.7 is a plot of phase velocity for versus

frequency-thickness product typical aluminum. Different wave modes may exist for

a given frequency-thickness product including both symmetric and antisymmetric

wave modes [12].

The phase velocity is the speed at which the crests and troughs of the wave

move in the propagation direction. However, if we modulate the wave, it is the

modulation that carries the information. We therefore need to know the speed at

which the modulating wave packet travels. The velocity of the wave packet is the

group velocity vg where:

vg =
dω

dk
(1.15)
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Figure 1.8 shows a plot of both symmetric and antisymmetric waves group

velocity versus frequency-thickness product fd for a typical aluminum alloy. The

phase and group velocity dispersion curves were computed from Equations 1.11 and

1.12 using numerical methods outlined by Rose [14].

When considering SHM using Lamb waves, choosing the correct frequency-

thickness product is paramount. For a given test article of constant thickness, the

testing frequency is the independent variable for Lamb wave analysis. In general,

low frequency selection yields larger antisymmetric wave responses, whereas higher

frequencies yield larger symmetric wave responses, as shown in Figure 1.9. Wave

selection based on frequency and signal response is referred to as tuning [4].

Because the experiments presented in this paper used a variety of aluminum

alloys for each experiment, we were interested in how the dispersion curves varied

for different aluminum alloys whose material properties were different. Table 1.1

shows the range of aluminum properties used to calculate the dispersion curves.

We also considered titanium to determine if aluminum has very similar dispersive

properties since our goal is to show proof of concept that the Lamb wave SHM method

will work when applied to a titanium structure. From Figures 1.11 and 1.12, one

can see that the dispersive properties are very similar for aluminum and titanium.

Therefore, it is assumed that methods can be developed and demonstrated on an

aluminum structure, then applied to a titanium structure, possibly requiring a change

in operating frequency.

Table 1.1 Dispersion Curve Material Properties

Material Modulus of Elasticity Mass Density Poisson’s Ratio

Al I 10,000 ksi 2800 kg/m3 0.33

Al II 11,400 ksi 2600 kg/m3 0.33

Ti 15,500 ksi 4500 kg/m3 0.33

1-10



Figure 1.7 Phase velocity dispersion curves for aluminum [12]

Figure 1.8 Group velocity dispersion curves for aluminum [12]
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Figure 1.9 Theoretical Lamb wave response of a 1.6 mm aluminum plate [4]

Figure 1.10 Measured Lamb wave response of a 1.6 mm aluminum plate [4]
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Figure 1.11 Phase velocity dispersion curves based on material properties from
Table 1.1
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Figure 1.12 Group velocity dispersion curves based on material properties from
Table 1.1
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1.3.3 Detection Methods. For Lamb waves, the most common ultrasonic

methods for Non-Destructive Evaluation (NDE) used are the pitch-catch and pulse-

echo techniques. The pitch-catch technique uses two transducers, one to excite the

structure and the other to measure the received response. Damage is determined by

characterizing the change in the response. However, to locate the damage multiple

pitch-catch sensors may be required.

The pulse-echo technique uses one transducer to both excite the structure and

to detect the returns, or echoes, from the excitation. The signal returns can aide

in determining and locating material defects [5]. The returned signal’s time-of-flight

can be analyzed to determine the distance between the transducer and the damage

while the amplitude can be used to assess the severity of damage.

1.4 Thesis Overview

This research explores the use of piezoelectric sensors as a means to detect

damage in metallic structures. In Chapter 2, the four experimental aluminum setups

are covered in detail. Chapter 3 discusses the results obtained from the M.E.T.I.-

Disk 3 sensors using the pulse-echo technique implemented in two thin aluminum

plates. Chapter 4 discusses the results obtained using piezoelectric sensors in a pitch-

catch technique for a thin aluminum plate and an aluminum test article fabricated

to represent an F-15 bulkhead. Finally, in Chapter 5, the results of the experiments

are summarized and conclusions are drawn.
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II. Methodology

In this chapter, the experimental setup and methodology is discussed for four ex-

periments. The four experiments were required to determine the applicability of

the M.E.T.I-Disk 3 and implementation of the Lamb wave method in a realistic

SHM application. The initial experiments were required to develop our Lamb wave

technique for finial implementation into a fabricated F-15 test specimen.

2.1 Small Aluminum Plate

The initial step was to determine the limitations and applicability of the

M.E.T.I.-Disk 3 sensors for future consideration in an identified USAF SHM issue.

Along with the M.E.T.I. sensors, AFRL also provided an aluminum plate with two

sensors attached, shown in Figure 2.1, and the MDC software needed to instrument

the M.E.T.I. sensor.

Figure 2.1 Small plate: aluminum plate with attached sensors

2.1.1 Equipment. The aluminum plate provided by AFRL was 608 mm

long by 102 mm wide by 1.6 mm thick. A M.E.T.I.-Disk 3 sensor and an American

Piezo Ceramics (APC) 850 piezoelectric transducer (Piezo) are glued to one end

of the plate shown in Figure 2.1. The two sensors were attached to the aluminum

plate using M-Bond 200, a general-purpose strain gauge adhesive. Figure 2.2 shows

a closeup of the two attached sensors. The 6.5 mm diameter APC 850 piezo was
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centered 51 mm from the plate’s left edge and a 25.4 mm M.E.T.I.-Disk 3 was

centered 88 mm in length from the plate’s left.

Figure 2.2 Small plate: closeup of attached APC 850 and M.E.T.I.-Disk 3 sensors

The key advantage of using the MDC M.E.T.I. sensor is the reduction in re-

quired testing equipment. The only additional hardware requirements for SHM test-

ing is a computer with an available Universal Serial Bus (USB) port for connecting

the M.E.T.I. sensor. The computer provides the power to the M.E.T.I.-Disk 3 sensor

through the mini-USB connector. The on-board electronics of the sensor serves as

the excitation function generator. An exploded view of the M.E.T.I.-Disk 3 is shown

in Figure 2.3. The M.E.T.I.-Disk 3 sensor has two piezo disks of which the inner

disk serves as the sensor while the outer disk is the actuator. The APC 850 sensor

was connected to an oscilloscope for the sole purpose of ensuring the MDC sensor

was exciting the test specimen as instructed by the MDC software.

2.1.2 Software. MDC provides software required for operation of the

M.E.T.I.-Disk 3 sensors. The software provided to Air Force Institute of Tech-

nology (AFIT) consisted of two MDC programs: ‘MD3 Demo version 2’ and ‘MD3

Testing version 1.6.’ Both programs are LabVIEW based and allow control of the

sensor. The MD3 Demo program only allows for one experimental test collection,

while the MD3 Test program can be pre-programmed for multiple test collections.

The collected response data is stored by the MDC software in a tab-delimited file for-
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Figure 2.3 M.E.T.I.-Disk 3: exploded view [7]

mat. We wrote MATLAB codes for post-processing of the collected data to compare

with the Lamb wave theory presented in Chapter 1.

2.1.3 Experimentation. We used the M.E.T.I.-Disk 3 sensor in a pulse-

echo testing configuration. To simulate structural damage, a mass was placed on

the plate to simulate damage by increasing the stiffness. The mass was a 0.05 kg

aluminum bar measuring 100 mm long by 14 mm wide by 12 mm thick. Sonotech

Shear Gel was applied to the mass to ensure coupling with the plate. Commonly,

damage detection using Lamb waves is accomplished by detecting a local change in

the stiffness (or density) of the structure resulting in a reflected wave. The method

of adding mass to change the local stiffness of a specimen is referred to as the inverse-

damage approach [8]. Similar experiments have been reported by Seth Kessler [8].

2.2 Large Aluminum Plate

The second experiment included a 2024-0 aluminum plate with dimensions of

758 mm long by 735 mm wide by 1.6 mm thick. The same MDC software and ex-

perimentation used for the small plate was used with the large aluminum plate. The

large plate was raised from the table surface using wood supports at the corner’s to
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prevent interference of the Lamb wave with the table. A M.E.T.I.-Disk 3 sensor was

attached to the center of the plate, see Figure 2.4, using Hysol 608 epoxy adhesive,

a strain-gage adhesive.

MDC provides AE-10 epoxy with the M.E.T.I.-Disk 3, but the epoxy was

within 22 days of expiration. According to the manufacture, the adhesive’s shelf

life is 12 months when stored at 75◦F and 18 months at 20◦F [15]. This was an

area of concern since we had a limited supply of sensors. MDC tested a sample of

their AE-10 with the same expiration date and found the epoxy sample would not

cure completely. Therefore, we decided to use a different adhesive to ensure proper

coupling with the specimen.

Figure 2.4 Large plate: aluminum plate with sensor

2.3 Multi-Purpose Panel Aluminum Plate

The third plate was a 2024-T3 aluminum specimen that was constructed by

AFRL, see Figure 2.5. The plate is referred to as the multi-purpose panel (MPP) due

to the variety of experiments intended for the plate. Figure 2.6 shows a schematic

of the MPP measuring 1220 mm long by 610 mm wide by 1 mm thick. The plate
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is separated into a healthy region (top half) and a damaged region (bottom half).

The healthy region was used to establish a baseline. Simulated damage was created

on the lower half of the plate prior to bonding the APC 850 piezos.

The damaged region consisted of simulated cracks and corrosion. The cracks

were simulated by cutting a cut into the plate using an electrical discharge machining

(EDM) machine. The EDM machine used a 0.01 in wire to make three 0.012 in cuts,

each 18 mm in length, see Figure 2.7. The plate was also machined to simulated

corrosion by milling a 18 mm in diameter bore that removed half the thickness of

the plate. However, for our experiment corrosion was not evaluated.

A total of 26 APC 850 piezos were attached to the MPP. Eight piezos were

attached in the center of the MPP and nine were attached in each of the two regions

(Figures 2.8 and 2.9). The piezos were attached using M-Bond 200 adhesive.
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(a) (b)

Figure 2.5 MPP: (a) front (b) back
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Figure 2.6 MPP: layout and dimensions
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Figure 2.7 MPP: damage locations

Figure 2.8 MPP: array of top APC 850 piezos
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Figure 2.9 MPP: array of middle APC 850 piezos

2-9



2.3.1 Equipment. The MPP equipment setup is shown in Figure 2.10. The

setup included an Agilent 33250A function generator, LeCroy WaveSurfer 454 oscil-

loscope, voltage divider, National Instruments (NI) BNC-2110 junction connector,

and a data acquisition computer with an embedded NI PXI-8187 high-performance

real-time controller. The equipment, and instruction on using the equipment, was

provided to us by AFRL.

Figure 2.10 MPP: experimental setup

2.3.2 Software. A LabVIEW program that controls the MPP equipment

and collects the response data was provided by AFRL. We set the program collection

constraints to a 1,000 samples with a sampling rate of 2.5 MHz, yielding a total

testing time of 400 µs. A 51
2

cycle Hanning-windowed sine wave excitation signal

with a frequency range of 50 kHz to 500 kHz in increments of 5 kHz was used for
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exciting the structure. Each recorded response is the average of 10 responses to

repeated excitation signals.

2.3.3 Experimentation. Using a pitch-catch technique, the structure was

excited at piezo 5, and the response was collected at piezos 11 and 20. The excitation

signal propagating to piezo 20 was disrupted by the EDM simulated crack. We used

a change detection approach, i.e., comparing the healthy response of piezo 11 to the

damaged response of piezo 20, to determine if damage occurred in the structure.

The change detection approach only determines if damage occurred, not where the

damage is within the structure.

2.4 F-15 Simulated Bulkhead

The final experiment implemented the testing procedures developed using the

MPP on a realistic SHM issue. Recall from Chapter 1, the SHM problem chosen was

a F-15 bulkhead provided to AFIT by Robins AFB (see Figures 1.1 through 1.4). It is

not acceptable to damage the actual bulkhead; therefore, a test article was milled out

of aluminum based on dimensions from the undamaged bulkhead. We instrumented

the test article using the same procedures as the MPP. A series of EDM cuts were

made to simulate a crack representative to the actual damage. Differences in pitch-

catch measurements characterize healthy and damaged states.

2.4.1 Milling Process. The F-15 bulkhead is made of a titanium alloy, but

we choose aluminum due to similar dispersive properties (Figures 1.11 and 1.12),

availability, and cost. Figure 2.11 shows the dimensions of the scaled F-15 drawing

that was provided to AFIT’s model fabrication shop for the milling. Sensor 3 through

6 were placed as shown. A closeup of the F-15 section is shown in Figure 2.12.

Three test articles were milled from Al 6061-T6 using a Fryer MB-10 CNC Mill, see

Figure 2.13.
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Figure 2.11 F-15: schematic of aluminum F-15 specimen and sensor placement

Figure 2.12 F-15 bulkhead: closeup of undamaged bulkhead where damage oc-
curred
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Figure 2.13 F-15: milling using Fryer MB-10
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2.4.2 Sensor Attachment Process. Six APC 850 piezos were bonded to the

test specimen using M-Bond 200 adhesive as shown in Figure 2.14. Two piezos were

attached on the 6 mm thick lower horizontal stiffener. The stiffener is 24 mm wide

and the hole from which the crack initiates is 6 mm in diameter and centered on

the stiffener. This leaves a span of 9 mm between the hole and the bulkhead wall.

The APC 850 piezos are 6.5 mm in diameter and are centered on the 9 mm span

and placed across from each other with the stiffener crack running between piezo 1

and piezo 2, the two piezos on the stiffener. Piezo 1 is centered at 18 mm from the

left stiffener and 4.5 mm from the bulkhead wall. piezo 2 is centered at 60 mm from

the left vertical stiffener and 4.5 mm from the bulkhead wall. The remaining four

piezos are attached on the 3 mm thick bulkhead wall at the dimensions shown in

Figure 2.11, and labeled three through six.

Figure 2.14 F-15: sensor locations for APC 850 piezos 1 through 6 with first EDM
cut

2.4.3 EDM Process. The next phase was the introduction of damage

using the EDM machine. The EDM cut is intended to replicate the crack seen

in Figures 1.2 and 1.3. The overall EDM process began at the lower horizontal
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stiffener hole and terminated at the bulkhead wall thickness change 50 mm from the

left vertical stiffener, see Figure 2.11. The cut was accomplished over three EDM

intervals with data collection at each interval. The EDM machine used a 0.01 in

wire, resulting in a 0.012 in wide cut. The specimen was notched at AFIT’s model

fabrication shop with the EDM machine, then taken to AFRL for data collection

and analysis.

The first EDM cut began at the lower horizontal stiffener hole and ended 15 mm

from lower vertical stiffener by 37 mm from left horizontal stiffener (Figure 2.14).

The cut made a direct line from the hole to the intersection, 37 mm from the left

horizontal stiffener. The EDM wire was not allowed to come into contact with the

surface before cutting began. Therefore, each cut required a drilled 0.043 in (#57

bit) hole before beginning the next cut. The first cut did not require a drilled hole

since the cut started inside the stiffener hole.

The second and third EDM cuts are shown in Figure 2.15. The second cut

began at 35 mm from the left vertical stiffener by 5 mm from the lower horizontal

stiffener and ended 43 mm from the left vertical stiffener by 30 mm from the lower

vertical stiffener. The second cut did not initiate at the ending location of the first

cut since the first cut was made at an angle. The specimen was angled in the EDM

machine for the first cut, see Figure 2.16, which resulted in an angled cut through the

specimen. The upper surface cut ending 15 mm from lower vertical stiffener, 37 mm

from left horizontal stiffener, while the lower surface cut ended 8 mm from lower

vertical stiffener, 39 mm from left horizontal stiffener. For the second cut, an EDM

wire clearance hole was drilled at a location to ensure the second cut was tied into

the first cut. The third cut continued where the second cut ended and terminated at

the intersection of the thicker wall, 50 mm from the left stiffener. Figure 2.18 shows

the position of the F-15 specimen inside the EDM machine for cutting the second

and third cut.
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Figure 2.15 F-15: second and third EDM notches

Figure 2.16 F-15: arrangement of F-15 specimen in EDM machine for first cut
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Figure 2.17 F-15: arrangement of F-15 specimen in EDM machine for first cut

Figure 2.18 F-15: arrangement of F-15 specimen in EDM machine for second cut
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2.4.4 Experimentation. The same LabVIEW program used for the MPP

was used for the F-15 test specimen, see Section 2.3.2. We used an excitation signal

frequency range of 50 kHz to 800 kHz, incrementing by 10 kHz for the F-15 experi-

ment. Prior to introduction of the EDM cuts, a healthy baseline was established for

the F-15 specimen. The F-15 tests involved exciting the structure with one sensor

and recording the responses at each of the remaining five piezos; thus, utilizing the

pitch-catch method. A complete sweep, exciting from all six piezos individually and

collecting from the remaining five, was completed. The F-15 specimen rested on soft

foam during all testing of the structure. We did accomplish one test without the

foam by placing it directly on the lab table to see if the resting media affected our

Lamb wave results.

After collection of the healthy data set, we used the EDM machine to cut the

F-15 specimen. After each cut, the specimen was tested using the same method

as the healthy, i.e., exciting from each sensor individually and collecting from the

remaining five. The cutting-testing process was repeated after all three EDM cuts.

2.5 Methodology Summary

Chapter 2 discussed the methodology developed and implemented for the dif-

ferent experiments leading up to the final experiment on the fabricated F-15 test

specimen. The first two experiments used the pulse-echo technique with M.E.T.I.-

Disk 3, and the last two experiments used the pitch-catch technique with APC 850

piezos. The results from the pulse-echo experiments are presented in Chapter 3.

Chapter 4 presents the results from the pitch-catch experiments.
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III. Results and Analysis: Pulse-Echo

This chapter presents the results of the experiments described in Chapter 2 and com-

pares the results to theoretical calculations. Our goals for this study encompassed

two aspects: determining functionality of the MDC sensors and determining if dam-

age can be located in a more realistic test specimen. The pulse-echo technique was

conducted on the first two experiments and the pitch-catch technique was used on

the last two experiments. The first three specimens were thin aluminum plates used

to validate and refine experimental methods for the final experiment, the fabricated

F-15 specimen. The results and analysis of the last two experiments are presented

in the next chapter.

3.1 Small Aluminum Plate

The purpose of the small aluminum plate experiment was to determine the

functionality of the MDC M.E.T.I.-Disk 3 sensors and use the MDC sensor along

with SHM pulse-echo theory to locate damage in the plate. The M.E.T.I.-Disk 3

sensors used in this experiment operate only in a pulse-echo method. To use the

MDC sensors, we used either the MD3 Demo or the MD3 Testing programs for

instrumentation. The MD3 Demo program was straight forward and was used to

gain an understanding of SHM using Lamb waves.

The MD3 Demo program allows for one test collection, defined as a single

excitation and a single collection of the response generated from the excitation.

Figure 3.1 shows the experiment settings, which were: a 100 kHz 51
2

cycle Hanning-

windowed sine wave excitation signal, 20 Volts peak-to-peak (Vpp) excitation am-

plitude, collecting 1,000 samples with a sampling frequency of 1000 kHz (1 MHz);

thus yielding a total testing time for one test of 1,000 µs. The excitation signal and

response are plotted in the MD3 Demo program shown in Figure 3.1. Looking at the

excitation signal plotted in the top window of the MD3 Demo program (Figure 3.1),
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we noticed that our excitation signal was not producing the 20 Vpp selected, but was

producing approximately 6 Vpp, shown in Figure 3.2.

Our first focus was on verifying the response (A0 and S0 waves) with theoretical

calculations. Initially we chose an excitation frequency of 100 kHz for the purpose of

exciting with the Lamb waves dominated by the A0 wave. According to the tuning

and measured response curves, Figures 1.9 and 1.10, the response for a 1.6 mm thick

plate excited with a frequency below 100 kHz produces a response consisting mainly

of the A0 wave. At 100 kHz, the response appears to be void of the S0 wave.

Trying to locate the A0 and S0 waves based on theoretical calculations from

Lamb wave theory was a difficult task considering the short distances between

the MDC sensor and the boundary conditions. Operating at 100 kHz meant the

frequency-thickness product, fd (0.1 MHz × 1.6 mm), was 0.16 MHz-mm. Accord-

ing to the theoretical dispersion curves, see Figure 1.8, our A0 and S0 waves’ group

velocities vg were 2.1 mm/µs and 5.3 mm/µs, respectively. The calculated theoret-

ical A0 and S0 waves time-of-flight (2× distance / vg) for the excitation response to

return from the first boundary was 48.6 µs and 19.2 µs, but we expect a very mini-

mal amplitude contribution from the S0 wave. Figures 3.3 and 3.4 show where the

predicted time-of-flight returns from the closest boundary (plate edge) should occur

throughout the entire response. Theoretically, the first A0 return occurs before the

excitation is completed, but the second A0 return (approximately 140 µs) appears

to coincide with the theoretical calculations. However, there is a theoretical S0 wave

that corresponds to the same 140 µs return. Also, Figures 3.3 and 3.4 only shows

the theoretical returns from two edges not all four edges. A larger test specimen is

needed to accurately distinguish the A0 and S0 waves.
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Figure 3.1 Small plate: MD3 Demo program with excitation of 100 kHz
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Figure 3.2 Small plate: 100 kHz excitation from MD3 Demo program
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Figure 3.3 Small plate: 100 kHz response over entire sampling total time window
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Figure 3.4 Small plate: closeup of 100 kHz response
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We did use the MD3 Testing program on the small plate. The MD3 Test-

ing program was a more capable program. The MD3 Testing program allowed for

programming multiple test runs which significantly reduced the testing time. Fig-

ure 3.5 shows the layout of the program. The differences between the MD3 Demo

and MD3 Testing programs included a reduction in collection samples (800 instead

of the 1,000), ability to control time between data set collections, and number of

data sets to acquire.

Figure 3.5 Small plate: MD3 Testing program screen capture of small plate at
95 kHz

With the MD3 Demo program, only one data set could be collected. Thus,

if the user wanted to collect a thousand healthy data sets to build a healthy data

library (for example to use with a pattern recognition algorithm), the user must run

every test individually. Another benefit of the MD3 Testing program was the ability

to collect pre-test (baseline) responses, testing responses, and post-test responses

while displaying these responses graphically to the user, within in the same test.

For example, the user can collect a healthy baseline, then collect the response from

induced damage in the structure (for example increasing the plate stiffness using

3-5



added mass, discussed in Section 2.1.3), and lastly collect the response once the

damage was removed to see what affects the damage left in baseline structure.

For both MDC programs, the user has the option to select the number of

averages to collect for a given test. Preliminary tests were conducted to determine

the number of averages. The tradeoff of the averaging is between testing time and

signal-to-noise (SNR). More averaging provides higher SNR, but takes more time.

The MD3 Testing program has a maximum averaging value of 255 and the MD3

Demo maximum averaging is 256. We chose 64 averages for our MDC experiments.

Figures 3.6 and 3.7 shows the 64 averages plots of the small aluminum plate from

both MDC programs. Notice that even between the two programs, the received

response amplitudes are different between 300 to 600 µs.

From the small plate we learned that the excessive returns from the boundaries

prevented positive identification of the A0 and S0 waves. The test results were too

complex for initial learning of SHM Lamb wave applications and the damage was not

apparent in the measurements. However, the plate did serve as a learning tool for

the MDC software and how to apply tuning and dispersion curves to an aluminum

test specimen. A larger specimen is required to gain a better understanding of which

Lamb wave modes are occurring and if the M.E.T.I.-Disk 3 sensors are producing

results predicted by theory.
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Figure 3.6 Small plate: MD3 Demo plot with 64 averages
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Figure 3.7 Small plate: MD3 Testing plot with 64 averages
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3.2 Large Aluminum Plate

The large aluminum plate specimen is the same thickness as the small plate,

but has a M.E.T.I.-Disk 3 sensor attached in the center. The goals are the same as

with the first experiment: determine MDC sensor functionality and use the MDC

sensor to locate damage in the plate. The larger plate was chosen because we needed

an adequate distance between the boundaries so we could distinguish the A0 from

S0 waves by their arrival times after reflecting off the boundaries or damage. To

utilize the pulse-echo technique, dispersion theory must be applied correctly which

requires correct identification of the A0 and S0 waves. Also, we needed sufficient

separation between the sensor and the boundaries to differentiate the signal returns

from the damage from the boundary returns. Figure 3.8 shows the healthy response

with the theoretical A0 and S0 waves plotted for a distance of 380 mm from the

sensor, approximately averaged distance between sensor and edges. Recall from the

previous chapter that our plate is not square and adjacent edges differed by 23 mm.
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Figure 3.8 Large plate: healthy response with predicted A0 and S0 waves

We were able to clearly identify the A0 and S0 waves in the healthy response

from the edge reflections. However, according to the tuning curves, Figure 1.9, at
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100 kHz the A0 wave amplitude should be greater than the S0 wave amplitude, but

this is not the case as shown in Figure 3.8. The first measured A0 and S0 wave

amplitudes are approximately the same; whereas, the second measured S0 wave

amplitude is much greater than either of the first A0 and S0 wave amplitudes. Since

our tuning results were not what we expected for the A0 wave, we moved to testing

the specimen at a higher frequency to compare the S0 wave amplitude.

The next step was to focus on tuning our experiment to excite the S0 wave.

As shown in Figure 1.9, the desired frequency for exciting primarily the S0 wave is

300 kHz. The sensors are limited to a maximum excitation signal of approximately

250 kHz. Based on our tests, we were only able to generate a useful excitation signal

up to 200 kHz, see Figures 3.9 through 3.11. In a piratical sense, the restriction of

operating below 200 kHz keeps us focused on using the A0 wave.

We decided to look at damage detection focusing on tuning with the A0 wave

using a 95 kHz exciting signal. The damage was simulated by placing a 0.05 kg

aluminum bar on top of the plate. The aluminum bar measured 100 mm long by

14 mm wide by 12 mm thick. Sonotech Shear Gel was applied to the aluminum bar

to ensure coupling with the plate. The front edge of the bar was placed 100 mm from

the center of the MDC sensor, aligned length-wise in front of the sensor. Figure 3.12

shows the plot of the healthy versus damaged response. There are differences in the

two signals, but nothing of significant magnitude that allowed a positive identifica-

tion that damage had occurred. Comparing the two signals in Figure 3.12, the A0

response, located at 400 µs, is clearly seen in the healthy case, but not clear in the

damaged case. An edge reflection is masked.

By this time in the study we had narrowed our search for an actual USAF

SHM issue to the F-15 bulkhead. A common thread among the different USAF

structural issues dealt with small, geometrically complex, areas of varying stiffness

and thickness. Because the pulse-echo technique using the MDC sensors was limited,

and due to the complex and constrained geometry of the F-15 specimen, we started
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Figure 3.9 Large plate: response of a 200 kHz excitation
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Figure 3.10 Large plate: response of a 250 kHz excitation

using standard piezos in a pitch-catch technique. We decided to use a pre-existing

experimental setup to learn how to implement the pitch-catch technique in our final

experiment, the fabricated F-15 specimen. The results from the two pitch-catch

experiments are presented in Chapter 4.
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Figure 3.11 Large plate: response of a 300 kHz excitation
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Figure 3.12 Large plate: healthy versus damaged response of a 95 kHz excitation
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IV. Results and Analysis: Pitch-Catch

This chapter presents the results of the Lamb wave experiments using the pitch-

catch techniques and compares the results to theoretical calculations. Also, this

chapter focuses on our goal to determine if damage can be located in a more realistic

test specimen. The pitch-catch experiments were conducted using two different test

specimens. The first specimen was a thin aluminum plate used to validate and

refine experimental pitch-catch methods for final experimentation, the fabricated

aluminum F-15 specimen.

4.1 Multi-Purpose Panel (MPP) Aluminum Plate

The purpose of this experiment was to learn and validate the SHM Lamb wave

technique of pitch-catch for detecting a crack. We collected responses from both the

healthy (upper half) and damaged (lower half) section of the MPP. In the experi-

ment, we used an excitation frequency range of 50 kHz to 500 kHz in increments of

5 kHz. The processing of the data, i.e., comparing experimental results to theocrat-

ical calculations, was accomplished using MATLAB. Figures 4.1 and 4.2 show the

healthy and damaged experimentally measured A0 and S0 wave dispersion curves

compared to theoretical dispersion curves. Recall that the structure was excited at

piezo 5, and the responses was collected at piezos 11 and 20. The locations for piezos

11 and 20 were, respectively, in the healthy and damaged regions of the MPP. The

measured A0 wave dispersion for the healthy region more closely matches the the-

oretical curve than the damaged region’s measured results. However, the measured

S0 wave for both regions (healthy and damaged) appears equally distributed about

the theoretical dispersion curves.

The A0 and S0 waves were confirmed by locating the maximum peak amplitude

within in a bounded region of the response coinciding with the theoretical calcula-

tions for the group velocities (Figures 4.3 and 4.4). The measured time associated
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with the peak amplitude is used to calculate the experimental group velocity using

the distances between the fixed APC 850 piezo locations (the pitch and catch sen-

sor). The small circle on the peak responses in Figures 4.3 and 4.4 correspond to

the maximum values within the bounded regions. The maximum amplitude values

of the measured A0 and S0 wave are plotted in Figures 4.5 and 4.6 for the frequency

range of the MPP experiment. Comparing Figures 4.5 and 4.6, we can see significant

changes in peak amplitudes for the A0 wave between 125 kHz to 250 kHz and the S0

wave between 150 kHz to 500 kHz. The best frequency for crack damage detection,

based on the maximum decrease in peak frequency, corresponds to the S0 wave at

410 kHz.

Figures 4.7 through 4.9 show the comparison between collected healthy and

damaged responses for three frequencies (55 kHz, 150 kHz, and 410 kHz). The 55 kHz

response was chosen to show the slight differences between the healthy and damaged

responses for a low frequency-thickness product of 55 kHz-mm; thus, revealing that

this low frequency is not a good choice for crack damage detection. The 150 kHz and

410 kHz responses was selected to show the substantial difference in signal responses

for the A0 and S0 waves.
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Figure 4.1 MPP: healthy dispersion curves
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Figure 4.2 MPP: damaged dispersion curves

4-3



0 100 200 300 400 500 600
−1

−0.5

0

0.5

1

A
0
 & S

0
 TRACKING: HEALTHY PATH

EXCITATION FREQUENCY: 150 kHz

Time Index

N
or

m
al

iz
ed

 A
m

pl
itu

de

S
0

A
0

Figure 4.3 MPP: healthy tracking plot of 150 kHz response at piezo 11
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Figure 4.4 MPP: damaged tracking plot of 150 kHz response at piezo 20
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Figure 4.5 MPP: healthy peak amplitudes measured at piezo 11

50 100 150 200 250 300 350 400 450 500
0

5

10

15

20

25

30

35

Frequency (kHz)

A
m

pl
itu

de
 (

m
V

)

PEAK AMPLITUDE: DAMAGED PATH

 

 

A
0
 Experimental

S
0
 Experimental

Figure 4.6 MPP: damaged response peak amplitudes measured at piezo 20
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Figure 4.7 MPP: healthy vs. damaged response at 55 kHz excitation

0 50 100 150 200 250 300 350 400
−8

−6

−4

−2

0

2

4

6

8

Time (µs)

A
m

pl
itu

de
 (

m
V

)

EXCITATION FREQUENCY: 150 kHz

 

 

Healthy
Damaged

Figure 4.8 MPP: healthy vs. damaged response at 150 kHz excitation
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Figure 4.9 MPP: healthy vs. damaged response at 410 kHz excitation
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4.2 F-15 Simulated Bulkhead

Our final experiment was designed to achieve the goal of implementing a SHM

technique for a realistic USAF application. The experimental procedures followed the

techniques developed in the MPP experiment. The experiment involved four phases,

which included a healthy collection phase and three damage collection phases. The

three damage collection phases correlated to the three incremental EDM cuts.

The first phase tested the simulated bulkhead in its healthy state. We repeated

the healthy test collection to ensure the experiment was producing similar results;

however, our first attempts at ensuring the test was repeatable was unsuccessful, see

Figure 4.10. We isolated the cause to the RG-58/U coaxial cables connecting the F-

15 specimen to the voltage divider and junction connector. We corrected the faulty

cabling by exchanging the general purpose RG-58/U coaxial cables for a low-noise

PCB Piezotronics cable assembly, Model 003D20.
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Figure 4.10 F-15: unsuccessful healthy responses repeatability at piezo 4 from
piezo 3 excitation

Once the faulty cabling was corrected, we started our healthy baseline response

collection. We collected three healthy responses for the frequency range of 50 kHz to
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800 kHz in increments of 10 kHz for the healthy response baseline. During the exper-

iment, we wanted to know if the surface the specimen rested on affected the results.

Two responses were collected with the simulated bulkhead resting on soft foam, and

then compared to a response with the specimen resting directly on the metal lab

table. Figure 4.11 shows the comparison plot between the responses collected with

the specimen on the lab table and on the foam. There are differences in the signal

responses, but the differences were only slight sporadic changes in amplitude. We

concluded that the surface which the specimen rests upon appears not to have a

direct affect on the response.
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Figure 4.11 F-15: comparison of healthy responses of piezo 4 from piezo 3 excita-
tion

Once we were confident in our healthy baseline results, we moved on to the

second phase of the experiment, the first EDM cut. Since an EDM machine uses

pressurized distilled water during cutting and our six attached piezos were going

to be exposed to this water environment, we measured the impedance of the six

piezos before the first cut. After each EDM cutting phase, we tested the piezos

for impedance changes. Based on the impedance measurements as well as the wave
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propagation signals, we concluded that the exposure to water did not appear to have

any significant adverse affects on the six piezos during all three cutting phases.

Figure A.1 shows the peak amplitude responses received at piezo 2 from piezo

1 excitation for all four phases (healthy and the three cuts). Notice the drop in

peak amplitude between the healthy state and the three cuts. We would expect all

three post cut responses to be the same since the first cut was made between piezo 1

and piezo 2. The peak amplitude response curves were created by finding the peak

amplitude in the entire response. We did not use a widow as in the MPP experiment.

Figures 4.12 through 4.14 compare the 100 kHz healthy and damaged responses

from piezo 2 and shows how the response changed. The 100 kHz excitation frequency

was chosen for its separation between pre-cut and cut responses (Figure A.1) and to

avoid analysis of a response where many dispersion modes exists. Piezo 1 and piezo

2 are bonded to the 6 mm lower horizontal stiffener; thus, the range of frequency-

thickness products for the excitation frequencies of 50 kHz to 800 kHz was 300 kHz-

mm to 4800 kHz-mm (0.3 MHz-mm - 4.8 MHz-mm).
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Figure 4.12 F-15: healthy compared with 1st cut of piezo 2 response from piezo 1
excitation

4-10



0 50 100 150 200 250 300 350 400

−8

−6

−4

−2

0

2

4

6

8

Time (µs)

A
m

pl
itu

de
 (

m
V

)

EXCITATION FREQUENCY: 100 kHz

 

 

Healthy
2nd cut

Figure 4.13 F-15: healthy compared with 2nd cut of piezo 2 response from piezo
1 excitation
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Figure 4.14 F-15: healthy compared with 3rd cut of piezo 2 response from piezo
1 excitation
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Figure A.13 shows the peak amplitude responses received at piezo 4 from ex-

citing piezo 3 for all four phases. Based on the decrease in peak amplitude shown in

Figure A.1, we expected a drop in peak amplitude after the second cut was made.

In Figure A.13, the peak signal response did drop for the second and third EDM

cut, but not the first cut. Also, there is even a further drop in the signal response

between the second and third cut. This makes sense that a drop in signal response

was detected once the cut was made between the pitch-catch path of piezos 3 and 4.

Figures 4.15 through 4.17 compare the 150 kHz healthy and damaged responses

from piezo 4 and shows how the entire response changed. Choosing a low frequency

with reasonable separation is still good practice when working with Lamb waves.

The 150 kHz response was chosen, instead of the 100 kHz, for its separation between

pre-cut and cut responses (Figure A.13). We are now operating in the 3 mm bulkhead

section; thus, our frequency-thickness product range is 150 kHz-mm - 2400 kHz-mm

(0.15 MHz-mm - 2.4 MHz-mm).
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Figure 4.15 F-15: healthy compared with 1st cut of piezo 4 response from piezo 3
excitation
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Figure 4.16 F-15: healthy compared with 2nd cut of piezo 4 response from piezo
3 excitation
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Figure 4.17 F-15: healthy compared with 3rd cut of piezo 4 response from piezo
3 excitation
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Our last trial compares the responses of piezo 6 from exciting piezo 5. Once

again, based on what we observed before, we expected to see a strong drop from

only the third EDM cut. As expected, Figure A.25 shows a substantial change for

the peak response as a result of only the third EDM cut. Figures 4.18 through 4.20

compare the 200 kHz healthy and damaged responses from piezo 6 and show how

the response changed.

In Figures A.1, A.13, and A.25, a maximum peak amplitude existed at approx-

imately 500 kHx. Looking at the peak amplitude response curves, we are naturally

drawn towards the large drop in peak amplitude around 500 kHz. Figure 4.21 shows

the large drop between the healthy and damaged response of piezo 6 at 500 kHz

when an EDM cut is in the path between sending and receiving sensors. Although

operating at large frequency-thickness products makes detailed waveform analysis

difficult or impossible, an empirical method appears to have potential for robust

crack detection.

This research explored the use of piezoelectric sensors as a means to detect

damage in metallic structures. In Chapter 5 the results of the four experiments

are summarized and conclusions are drawn. Also, recommendations for future work

using Lamb wave SHM are provided.
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Figure 4.18 F-15: healthy compared with 1st cut of piezo 6 response from piezo 5
excitation
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Figure 4.19 F-15: healthy compared with 2nd cut of piezo 6 response from piezo
5 excitation
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Figure 4.20 F-15: healthy compared with 3rd cut of piezo 6 response from piezo
5 excitation
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Figure 4.21 F-15: 500 kHz responses at piezo 6 for healthy vs. 3rd cut damaged
from piezo 5 excitation
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V. Conclusions and Recommendations

5.1 Conclusions

This thesis presented an experimental study of SHM Lamb wave methods using

pitch-catch and pulse-echo techniques for damage detection in metallic structures.

The goal for this thesis was to evaluate existing Lamb wave methods for damage

detection with a realistic USAF SHM issue. The goal was accomplished through

extensive testing of four aluminum test specimens using both pitch-catch and pulse-

echo SHM techniques for damage detection.

We determined M.E.T.I.-Disk 3’s capabilities and identified limitations for im-

plementation into a SHM damage detection system. We were able to generate results

consistent with theoretical calculation using the M.E.T.I.-Disk 3 sensor for undam-

aged structures using low frequencies. Based on our results, the M.E.T.I.-Disk 3 was

designed for applications in composite structures where lower frequencies are used.

We concluded that the best method for crack damage detection within a constrained

geometry is the pitch-catch technique because it reduces the effect of the interference

of reflected waves off the boundaries. The M.E.T.I.-Disk 3 was not capable of oper-

ating in the pitch-catch mode so another piezoceramic transducer was used, allowing

for a broader excitation frequency range with a sufficient amplitude response.

We were able to identify the EDM crack damage in the simulated bulkhead

and MPP using the pitch-catch method. Since the excitation transducer was fixed

to the structure, the repeatability of the measurements was expected to be excellent.

However, we learned that the type of cable used greatly affects the repeatability.

After choosing the proper cable, our measurement method provided good accuracy

and repeatability.

Most importantly, we were able to successfully transition from large thin plate

experiments to implementing the pitch-catch technique on a realistic USAF struc-

ture. An experimental demonstration on a simulated bulkhead identified when an
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EDM notch cut the path between transducers. Also, operating at higher frequencies

provided the most noticeable change in structural integrity leading to our damage

detection predictions. With the ability to identify the broken paths from the peak

amplitude response, we are able to make a crude prediction of EDM cut length. For

crude damage detection, the number of attached sensors directly relates to a more

refined damage location prediction.

5.2 Recommendations

Much work still remains before current SHM systems can be relied upon to re-

place standard maintenance inspections. Further study of Lamb wave SHM should

be investigated due to the potential benefit of reducing costly maintenance inspec-

tions. Also, a future SHM application well-suited for using Lamb waves is in space

borne assets where “hands-on” maintenance is not feasible or possible. One possi-

ble topic for future research in the field of Lamb wave SHM includes the natural

progression to real crack detection. The EDM cuts removed material from the test

specimens, which is drastically different than real cracks that have sharp edges and

other effects such as crack closure. We recommend exploring the detection of real

cracks in loaded and unloaded cases while identifying crack detection limitations,

i.e., crack depth and crack length. Another important damage category to explore

using Lamb waves is corrosion.

This study was able to make crude damage location predications; however,

with further processing, the ability to accurately locate and pin-point damage within

the structure should be possible without attaching an excessive amount of sensors.

Our final test specimen involved thicknesses of 3 to 6 mm, and a simple change

detection approach was used. The largest amplitude difference between healthy and

damaged occurred at high frequency-thickness products. However, at high frequency-

thickness products many modes co-exists. Further exploration into the higher Lamb

wave modes should be conducted. Also, validation of these results to theoretical
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calculations was not approached; thus, our last recommendation is validation of

these results with theoretical analysis.
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Appendix A. Peak Amplitude Figures for the F-15
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Figure A.1 F-15: peak amplitude comparison of piezo 2 response from piezo 1
excitation
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Figure A.2 F-15: peak amplitude comparison of piezo 3 response from piezo 1
excitation
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Figure A.3 F-15: peak amplitude comparison of piezo 4 response from piezo 1
excitation
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Figure A.4 F-15: peak amplitude comparison of piezo 5 response from piezo 1
excitation
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Figure A.5 F-15: peak amplitude comparison of piezo 6 response from piezo 1
excitation
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Figure A.6 F-15: peak amplitude comparison of piezo 1 response from piezo 2
excitation
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Figure A.7 F-15: peak amplitude comparison of piezo 3 response from piezo 2
excitation
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Figure A.8 F-15: peak amplitude comparison of piezo 4 response from piezo 2
excitation
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Figure A.9 F-15: peak amplitude comparison of piezo 5 response from piezo 2
excitation
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Figure A.10 F-15: peak amplitude comparison of piezo 6 response from piezo 2
excitation
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Figure A.11 F-15: peak amplitude comparison of piezo 1 response from piezo 3
excitation
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Figure A.12 F-15: peak amplitude comparison of piezo 2 response from piezo 3
excitation
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Figure A.13 F-15: peak amplitude comparison of piezo 4 response from piezo 3
excitation
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Figure A.14 F-15: peak amplitude comparison of piezo 5 response from piezo 3
excitation
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Figure A.15 F-15: peak amplitude comparison of piezo 6 response from piezo 3
excitation
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Figure A.16 F-15: peak amplitude comparison of piezo 1 response from piezo 4
excitation

A-8



0 100 200 300 400 500 600 700 800
0

5

10

15

20

25

30

35

40

45

Frequency (kHz)

A
m

pl
itu

de
 (

m
V

)
PZT 2: MEASURED PEAK AMPLITUDE RESPONSE

PZT 4: EXCITATION

 

 

Healthy
1st cut
2nd cut
3rd cut

Figure A.17 F-15: peak amplitude comparison of piezo 2 response from piezo 4
excitation
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Figure A.18 F-15: peak amplitude comparison of piezo 3 response from piezo 4
excitation
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Figure A.19 F-15: peak amplitude comparison of piezo 5 response from piezo 4
excitation
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Figure A.20 F-15: peak amplitude comparison of piezo 6 response from piezo 4
excitation
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Figure A.21 F-15: peak amplitude comparison of piezo 1 response from piezo 5
excitation
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Figure A.22 F-15: peak amplitude comparison of piezo 2 response from piezo 5
excitation
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Figure A.23 F-15: peak amplitude comparison of piezo 3 response from piezo 5
excitation
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Figure A.24 F-15: peak amplitude comparison of piezo 4 response from piezo 5
excitation
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Figure A.25 F-15: peak amplitude comparison of piezo 6 response from piezo 5
excitation
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Figure A.26 F-15: peak amplitude comparison of piezo 1 response from piezo 6
excitation
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Figure A.27 F-15: peak amplitude comparison of piezo 2 response from piezo 6
excitation
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Figure A.28 F-15: peak amplitude comparison of piezo 3 response from piezo 6
excitation
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Figure A.29 F-15: peak amplitude comparison of piezo 4 response from piezo 6
excitation
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Figure A.30 F-15: peak amplitude comparison of piezo 5 response from piezo 6
excitation
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